Abstract Root system of plants are actually fascinating structures, not only critical for plant development, but also important for storage and conduction. Due to its agronomic importance, identification of genes involved in root development has been a subject of intense study. Tomato is the one of the most consumed vegetables in the world. Tomato has been used as model system for dicot plants because of its small genome, well-established transformation techniques and well-constructed physical map. The present study is targeted to identify of root specific genes expressed temporally and also gene(s) involved in lateral root and profuse root development. A total of 890 ESTs were identified from five EST libraries constructed using SSH approach which included temporal gene regulation (early and late) and genes involved in morphogenetic traits (lateral and profuse rooting). One hundred sixty-one unique ESTs identified from various libraries were categorized based on their putative functions and deposited in NCBI-dbEST database. In addition, 36 ESTs were selected for validation of their expression by RT-PCR. The present findings will help in shedding light to the unexplored developmental process of root growth in tomato and plant in general.
Introduction
Hidden underground, plant roots often receive less attention than they deserve (Maloof 2004) . They are the critical part of plant structure and developmental process (Grierson and Schiefelbein 2002) . Faster and more extensive root growth is important for good plant growth under the most adverse soil conditions. Despite their important role in plant development (Parker et al. 2000) relatively little work has been done to understand molecular basis of root development. Very limited number of root specific genes and genes involved in root development have been isolated and identified. Most of the root specific genes isolated are from Arabidopsis and Maize (Hochholdinger et al. 2004 ) while only few root specific genes have been identified from tomato. Evans et al. (1988) isolated root-specific cDNA clones from pea and concluded that rootspecific mRNA species are present at a very low level. Fuller et al. (1983) have cloned and characterized a number of nodule-specific genes. Bogusz et al. (1988) isolated a haemoglobin gene expressed specifically in roots of nonnodulating plants. Keller and Lamb (1989) isolated a gene encoding a cell wall hydroxyproline rich glycoprotein expressed during lateral root initiation. Lerner and Raikhel (1989) reported the cloning and characterization of a barley root-specific lectin. Severa1 tobacco cDNAs and the corresponding genomic clones of genes that are expressed in roots but not in leaves have been isolated (Conkling et al. 1990 ). Even though most of the root specific genes have been isolated from Arabidopsis, few root specific genes have also been isolated from Maize, Barley, Gossypium hirsutum and Cucumis sativus (Sakuta et al. 1998) .
Recently, the focus of studying developmental processes has been shifted to tomato, Solanum lycopersicum belonging to Solanaceae family. Tomato is the second most consumed vegetable worldwide and represent a major agricultural industry. Tomato has become a model system of dicot plants for genomic studies because of its small genome, wellestablished transformation techniques, well-constructed physical map and large number of cDNA sequences (Mueller et al. 2005) . The International Tomato Genome Sequencing Project started in 2004 by an international consortium including participants from Korea, China, United Kingdom, India, Netherlands, France, Japan, Spain, Italy and the United States and completed in 2012 (Tomato Genome Consortium 2012). Since then many databases and online tools have been developed to annotate full tomato genome (D'Agostino et al. 2009; Grennan 2009; Fei et al. 2011; Suresh et al. 2014 ). Preliminary comparisons between the different Solanaceae members revealed synteny among various homologous genes (Wang et al. 2008) . This makes tomato a good entry point for characterizing the genes of other Solanaceae members, and associating them with agronomic traits. In tomato, Liu et al. (1998) isolated two root specific phosphate transporters LePT1 (Lycopersicon esculentum Phosphate Transporter 1) and LePT2. Both genes were highly expressed in roots, although there was some expression of LePT1 in leaves. The encoded peptides of the LePT1 and LePT2 genes belong to a family of 12 membrane-spanning domain proteins and show a high degree of sequence identity to known high-affinity Pi transporters. In situ hybridization studies demonstrate cellspecific expression of LePT1 in tomato root. The LePT1 mRNA was detectable in peripheral cell layers such as rhizodermal and root cap cells (Daram et al. 1998) . Bereczky et al. (2003) isolated Lenramp1 (Lycopersicon esculentum natural resistance-associated macrophage protein 1) and Lenramp3 genes from tomato and demonstrated that these genes encode functional NRAMP metal transporters and localized mainly to intracellular vesicles. Lenramp1 and Leirt1 (iron-regulated transporter 1) revealed both root-specific expression and up-regulation by iron deficiency. Weeks et al. (2003) isolated a phosphate transporter StPT2 (Solanum tuberosum Phosphate Transporter 2) from potato, mainly expressing in the elongation zone at the root tip. A strict rootspecific iron-regulated gene of tomato encoding a LysyltRNA synthetase-like protein was isolated using subtractivehybridisation approach by screening for cDNA clones specific for genes with altered expression in wild-type versus mutant root tissue (Giritch et al. 1997) . Other reports include the isolation of metallothionein-like proteins from tomato (LEMT1, LEMT2, LEMT3 and LEMT4) (Giritch et al. 1998) , root specific nitrate transporters and ammonia transporter (LeNrtl-l, LeNrtl-2 and LeAmt1) (Lauter et al. 1996) , 2-oxoglutarate and Fe(II)-dependent dioxygenase superfamily (Jones et al. 2008) and FER (Fps/Fes related kinase) genes by Ling et al. (2002) . Although, the above studies have identified few genes expressed only in roots, an extensive search for identification and analysis of root specific genes in tomato has not been done so far. Therefore, in the present study, we have performed high through put screening of root development specific genes using differential expression methods SSH (suppressive subtractive hybridization). We could isolate stage specific ESTs expressed in root, early stage root, late stage root, lateral roots and profuse roots. In addition, stage specific expression of ESTs was validated using RT-PCR.
Materials and methods

Generation of root cDNA libraries
Root specific library
Root specific library was constructed with the aim to identify the genes specifically expressed in roots and not in shoots. Tomato seeds were grown. In 8d old seedling the root was found to be growing actively with proper primary root and root tip. cDNA was prepared from the root and shoot of 8 day old seedling. Using 8d old root cDNA as the tester and 8d old shoot cDNA as the driver, a library was constructed by Suppressive Subtractive Hybridization (SSH) approach. This has been referred as root specific library hereafter. SSH was performed according to the manufacturer's instructions (Clontech). After two rounds of subtraction, the subtracted secondary PCR product was cloned into Ttailed cloning vectors, pGEM-T Easy (Promega) and pXcmKn12 (National Institute of Genetics, Japan) and transformed to E. coli. One thousand clones were obtained from root specific library.
Temporal library
Cellular differentiation and development of various organs in multi-cellular organisms is highly coordinated by differential gene expression in time and space. Hence temporal cDNA library was constructed with the aim to understand the nature of the genes specifically involved in early and late stages of root development. The root phenotype of the seedlings grown for varying duration was observed. In 8 day (8d) old seedling, only one primary root with actively growing root tip was observed. In 40 day (40d) old seedling, the root growth was extensive with the formation of lateral roots. Two SSH libraries were made using RNA from 8d and 40d old roots of tomato. RNA from 8d old roots and 40d old roots were used as tester and driver respectively for constructing early library. Whereas RNA from 40d old roots was used as tester and 8d old roots as driver for constructing temporal late library. Both libraries have been referred as temporal library here after. The secondary PCR product was cloned in T-tailed vector pGEM-T Easy and transformed into E. coli (DH5α strain). Two hundred and 250 clones were obtained from temporal early and late expression libraries, respectively.
Library for root morphogenetic traits (lateral and profuse library)
In order to understand the genes specifically involved in root morphogenetic traits like profuse and lateral rooting, tomato species with different root phenotypes were used. Seeds of S. lycopersicum, S. peruvianum, S. cheesmani and S. hirsutum were germinated and the root phenotypes were studied at different time intervals. At 40 days, the root morphology of all the tomato species showed pronounced differences. S. lycopersicum showed moderate root development with extensive lateral rooting. Rooting was found to be less in S. hirsurum and S. cheesmani. The root growth was extensive and without any lateral roots in the case of S. peruvianum. Therefore, RNA from 40d old roots of S. peruvianum and S. lycopersicum were used as tester and driver respectively to construct profuse root library. On the other hand RNA from 40d old roots of S. lycopersicum was used as tester and from S. peruvianum as driver for lateral root library. The secondary PCR product was cloned in T-tailed vector pGEM-T Easy and transformed into E. coli (DH5α strain). Approximately 200 and 400 clones were obtained from lateral and profuse root libraries, respectively.
Sequencing
Plasmid DNA for sequencing was isolated using standard alkaline lysis method. All the sequencing experiments were carried out with automated DNA sequencer (ABI Prism 377, PE Applied Biosystems) using Big Dye terminator kit (Perkin Elmer, USA) at the sequencing facility at Delhi South campus, Delhi University, New Delhi and School of Biotechnology, Madurai Kamaraj University, Madurai.
In silico analysis of ESTs
The sequences longer than 150 bp sequence length were taken for in silico analysis using various bio-informatic tools like BlastN and BlastP from both NCBI and SGN databases. Redundancy and contig analysis of ESTs were done both manually and by means of clustering, using CAP3 EST assembler. Sequences that exhibited more than 80 % identity over total large sequence were considered identical or closely related and were assigned to a specific group. Sequence alignment of those highly similar sequences was confirmed by sequence alignment programs 'Clustal W' (ClustalW and ClustalX version 2007) . Potential function of the sequenced ESTs was predicted using BlastP programme (default) at NCBI database. ESTs were grouped into different functional categories according to their predicted gene products based on sequence comparison with the current SWISSPROT/TrEMBL database. Annotation was also performed based on Gene Ontology (GO) terms and functional categories were defined using Blast 2GO program.
Expression analysis of selected ESTs
S. lycopersicum/S. peruvianum seeds were surface sterilized with 0.01 % HgCl 2 and soaked in distilled water for overnight. The seeds were sown on the autoclaved vermiculate, in 200 ml cups or pods. The seedlings were grown for 10 days in growth chamber at 27°C with a day/night cycle of 12 h/12 h at a light intensity of 30 μE m −2 s −1 and humidity of 75-80 %. One hundred milligrams tissue from 8 and 40 day old seedlings was used to extract total RNA with TRIZOL reagent. DNase treated RNA was used for cDNA synthesis using M-MuLV reverse transcriptase (Gibco-BRL). The volume of the cDNA to be taken for further PCR amplification was normalized by performing control PCR reaction with the primers specific to tomato house keeping gene GAPDH (Glyceraldehyde 3-phosphate dehydrogenase) using different volumes of cDNA (0.1, 0.2, 0.5 and 1 μl). Equal volume of PCR product from all samples was fractionated on a 1.5 % agarose gel and intensity of the bands compared. The normalized volume of different cDNA stocks, which gave equal intensity with GAPDH primers, were taken for further validation with EST specific primers (Table 1) which were designed using Web Primer software (http://www.yeastgenome.org/cgi-bin/web-primer).
Results
Features of EST libraries
Root specific cDNA libraries of many plant species have been made earlier in order to understand molecular basis of root development processes (Asamizu et al. 2000) . In this study, a total of 575 ESTs studied in root specific (379), temporal (97), lateral rooting (72) and profuse root (27) libraries which had sequence longer than 150 base pair. BlastN analysis of these EST sequences in NCBI and Sol Genome network indicated 247 ESTs conding for rRNA and orgenelle genome whereas 328 ESTs represented cDNA sequence. Upon examining 328 EST sequences in CAP3 EST assembler and BlastN program, it was found that 81 (root specific), 42 (temporal), 32 (lateral rooting) and 6 (profuse root) ESTs represented nonredundant sequences. Most of the unique EST sequences were already present in the databases except 4 ESTs of root library and 3ESTs of profuse library who did not have any significant similarity to known sequences in both NCBI and SGN databases. All the non-redundant ESTs of root library (EX149573 -EX149653), temporal library (EX149660 -EX149701), lateral library (EX149540 -EX149571) and profuse library (EX149654 -EX149659) were deposited in dbEST database in NCBI.
Functional characterization of libraries
Blast 2GO analysis of the non-redundant EST sequences from root library, temporal library, lateral library and profuse library revealed that annotated ESTs were falling into stress related, metabolism, development, transport, signal transduction, protein synthesis and structural proteins categories (Fig. 1a, 
Validation of ESTs
An attempt has been made to validate ESTs generated in different libraries. For this, a total of 36 ESTs were selected from different libraries and were subjected to RT-PCR using EST specific primers. Out of 14 ESTs analyzed from root library, 7 (Fig. 2a, b, d , g, j, l and n). Interestingly, two ESTs EX149581.1 and EX149586.1 were expressed only in roots ( Fig. 2e and f) . In temporal library, 4 out of 12 ESTs (EX149663.1, EX149665.1, EX149695.1, and EX149675.1) showed over expression in 40-day old roots (Fig. 3a , b, f and k), whereas one EST EX149678.1 was over expressing in 8d old roots (Fig. 3l) . One EST (EX149669.1) expressed only in 40d old roots whereas no expression could be seen in 8d old roots (Fig. 3j) . Similarly, two ESTs (EX149567 and EX149553) out of 9 selected ESTs of lateral library over expressed in 40 day root of S. lycopersicum ( Fig. 4e and h ) and 1 EST (EX149541) over expressed in 40 day root of S. peruvianum (Fig. 4a) . In case of profuse library, out of six ESTs, only two ESTs (EX149654.1 and EX149657.1) were above 300 bp, and primer could be designed only for EX149657.1. Amplicons of expected size was observed in both S. lycopersicum and S. peruvianum cDNAs (Fig. 5 ).
Discussion
Development of Arabidopsis root has been well characterized at morphological, biochemical and genetic level as compared to other plants. Over the years, a number of genes related to root development have been identified that are important for pattern formation, cell cycle, cell growth. Moreover several genes involved in hormonal basis of root development have also been characterized, especially auxin and ethylene (Kushwah et al. 2011) . Several root mutants have been identified from different plants like Arabidopsis (Busov et al. 2008) , rice (Kim et al. 2007 ), maize (Hochholdinger et al. 2004 ) wheat (Wang et al. 2006 ) and tomato (Negi et al. 2010) . A great progress in understanding the molecular processes underlying root development has been achieved only through root mutants (Zhang et al. 2007; Busov et al. 2008) . These genes are beginning to provide an understanding of the developmental processes. But still there is a long gap in understanding molecular basis of root development like temporal regulation and genes responsible for specific morphogenetic traits, like profuse rooting and later root formation. Recent progress in plant genome sequencing and the parallel development of global gene expression analysis platforms provide the opportunity to understand developmental and physiological events at the genome level. Functional genomic approaches may provide powerful tools for identifying expressed genes. To isolate gene(s) with differential expression patterns, a variety of methods such as mRNA differential display polymerase chain reaction (DD PCR; Liang and Pardee 1992) representational difference analysis (RDA; Nikolai et al. 1993; Hubank and Schatz 1994) , microarray (Chee et al. 1996; Chu (Diatchenko et al. 1996) . Further, SSH has also been successfully employed in identifying developmentally important genes like isolating differentially expressed genes in several developmental stages in melon fruit (Choi et al. 2004) , during ripening (Kim et al. 1999 ) and related to fruit quality in tomato (Stevens et al. 2008) . In this endeavour, an attempt was made to understand the molecular basis of root development in tomato, using functional genomics tool SSH. We profiled gene expression during root development program, to attain a global perspective of genes whose expression is modulated in root specific manner or temporally or in lateral root formation or during profuse rooting. Fig. 2 Expression analysis of ESTs from Root specific library. 0.2 μl and 0.5 μl of cDNA template made from RNA of 8d old shoot (lane 1), 8d old root (lane 2) and water control (lane 3) was subjected to PCR using different ESTs specific primers (a-n). The PCR products were resolved on 1.5 % agarose gel. Endogenous GAPDH amplification served as control (o) Most of the ESTs found in root library are part of housekeeping pathways like transcription, translation, metabolism etc., which account for 64.65 % (104 ESTs) of total ESTs identified. However, some of the genes belongs to WRKY and myb gene family, known to take part in root development, were found in root specific library. WRKY is required for the growth of roots by stimulating synthesis of flavonols, an endogenous regulators of auxin transport (Grunewald et al. 2012 ) and later has a role in root growth of legumes (Volpe et al. 2013) . In contrast, a gene encoding for Lysine-specific histone demethylase (KDM1), which is involved in transcriptional repression of root genes via demethylation of histones was also identified in ESTs library probably required for tight regulation of temporal genes (Krichevsky et al. 2011) .
There are reports indicating direct or indirect involvement of stress related genes in root development (Chen and water control (lane 3) was subjected to PCR using different ESTs specific primers (a-i). The PCR products were resolved on 1.5 % agarose gel. Endogenous GAPDH amplification served as control (j) and Xiong 2005). Many stress inducible genes were detected in our studies. Arginine decarboxylase, hsp70, hsp 81-2, superoxide dismutase, glutathione peroxidise, cinnamic acid 4-hydroxylase and ACC oxidase are some of the examples of stress related genes. Arginine decarboxylase (ADC) is not only capable of enhancing ability of scavenging reactive oxygen species (ROS) but also has been shown to be involved in root growth as transgenic with ADC had longer roots compared to wild type (Wang et al. 2013) . Similarly, heat shock proteins are well known stress proteins but also shown to perform root specific functions. Hsp70 was involved in instrumenting root-shoot communication in cucumber plants (Li et al. 2014 ) whereas expression of hsp81-2 was found high in roots of Arabidopsis thaliana (Yabe et al. 1994) . In addition, a gene encoding for superoxide dismutase (SOD) is major component of plant defence system but decrease in manganese superoxide dismutase leads to reduced root growth (Morgan et al. 2008) . Other identified genes like glutathione peroxidase, cinnamic acid 4-hydroxylase and ACC oxidase have been involved in root metabolism and growth (Passaia et al. 2013; Dennis and Kennedy 1986) . Other than genes with known role in root growth, a large number of ESTs belongs to the category of uncharacterized and unknown proteins. 22.36 % (36 ESTs) of total genes identified could not be assigned to any function.
In conclusion, five EST libraries were constructed using SSH approach to identify root-specific genes. One hundred sixty-one unique ESTs from various libraries were identified and deposited in NCBI-dbEST database. Thirty-six ESTs were selected and validated for their expression and 17 ESTs showed differential expression. This information may lead to identification of novel pathways involved in tomato root development in particular and plants in general. The PCR products were resolved on 1.5 % agarose gel. Endogenous GAPDH amplification served as control (lower panel)
